leukocyte adhesion and extravasation. Inflammationinduced enhancement of leukocyte recruitment oper- † Division of Clinical Genetics Children's Hospital ates also in the skin (Walter and Issekutz, 1997; Robert and Kupper, 1999). However, some leukocytes migrate Harvard Medical School Boston, Massachusetts 02115 to cutaneous tissues in the absence of inflammation, suggesting that one or more homing pathways are con- ‡ Howard Hughes Medical Institute University of Michigan stitutively active in dermal venules. Indeed, several studies have shown that leukocytes roll at high frequency Ann Arbor, Michigan 48105 in noninflamed skin (Mayrovitz, 1992; Janssen et al., 1994; Nolte et al., 1994; Milstone et al., 1998). In contrast, rolling is rare in other noninflamed tissues such as the Summary mesentery or cremaster muscle unless endothelial cells are exposed to inflammatory stimuli (Fiebig et al., 1991; Noninflamed skin venules support constitutive leuko-Ley et al., 1995). cyte rolling. P-selectin controls the rolling frequency, The adhesion pathways that mediate leukocyte rolling whereas E-selectin dictates rolling velocity (V roll ). Fucoin vivo include the ␣4 integrins and the selectin family sylated selectin ligands are essential for all interac-(Carlos and Harlan, 1994; Kansas, 1996). L-selectin tions, as rolling was absent in mice doubly deficient (CD62L) is expressed on most leukocytes and binds in ␣1,3-fucosyltransferase (FucT)-IV and FucT-VII. The endothelial ligands in lymphoid organs and inflamed rolling fraction was reduced in FucT-VII Ϫ/Ϫ animals but tissues. E-selectin (CD62E) is only found on endothelial normal in FucT-IV Ϫ/Ϫ mice. However, V roll was markedly cells. It binds ligands on circulating granulocytes, monoincreased in both strains. P-selectin ligands generated cytes, and some memory lymphocytes. On endothelial by FucT-VII are crucial for initial leukocyte tethering, cells in culture and in most tissues, E-selectin is only whereas E-selectin ligands that permit maximum detectable after several hours exposure to cytokines slowing of V roll require simultaneous expression of (TNF␣ or IL-1) or bacterial endotoxin, which induce tran-FucT-IV and FucT-VII. These results demonstrate a scription of the E-selectin gene. P-selectin (CD62P) is role for FucT-IV in selectin-dependent adhesion and stored in platelet ␣-granules and in Weibel-Palade bodsuggest that the endothelial selectins and FucTs have
were pooled. Rolling fractions between WT and knockout mice were compared using the Kruskal-Wallis test and Dunn's multiple comparison test (ns, not significant). n ϭ number of venules/animals examined. (B) Cumulative rolling velocity curves in WT, L Ϫ/Ϫ , and P Ϫ/Ϫ mice. The percentage of cells that rolled at or below a given velocity is shown as a function of V roll . n ϭ total number of cells/venules/mice analyzed in each group. (C) Rolling fractions were measured in WT and P Ϫ/Ϫ mice before and after injection of anti-E-selectin mAb 9A9 (50 g/mouse). Data shown are mean Ϯ SD. Rolling fractions were compared using the Wilcoxon signed rank test. (D) Immunohistology of murine ear sections were stained with nonbinding rat IgG (negative control), anti-ICAM-2 mAb mIC2/3c4 (positive control), or anti-E-selectin mAb 10E9.6. Positive staining is visible as brown color. Sections were counterstained with hematoxyline. Original magnification in all sections is 400ϫ. mice is consistent with the idea that FucT-IV may gener-Results ate selectin ligands. Alternatively, a fucosylation-independent pathway could be involved (Frenette et al., L-Selectin Does Not Contribute to Leukocyte Rolling in Ear Venules 1998).
Here we examined the molecular pathways on leuko-To address the role of L-selectin, we studied leukocyte rolling in L-selectin-deficient (L Ϫ/Ϫ ) mice ( Figure 1A) . cytes and endothelial cells that mediate constitutive rolling in the skin. We show that E-selectin is constitutively Consistent with a previous study, which found no effect of anti-L-selectin in murine skin venules (Nolte et al., expressed at low levels in dermal vessels and enables cells to roll at low velocities, whereas P-selectin deter-1994), the rolling fraction in L Ϫ/Ϫ ears (36.1% Ϯ 3.3%, mean Ϯ SD, n ϭ 7 venules in 2 mice) did not differ mines the frequency of rolling events. L-selectin does not play a role in this setting. Using FucT-deficient significantly from that in wild-type (WT) mice (40.7% Ϯ 17.8%, p Ͼ 0.05). The cumulative velocity profile of roll-strains, we show that both FucTs are necessary for optimal leukocyte rolling. Most P-and E-selectin ligands ing velocity (V roll ) in L Ϫ/Ϫ mice was also similar to that in WT animals, although the former lacked a small popula-are generated by FucT-VII, but some carbohydrates modified by FucT-IV can also function as ligands for the tion of cells rolling faster than 50 m/s, which constitute ‫%5ف‬ of rolling cells in WT mice ( Figure 1B) . Thus, we two selectins. concluded that L-selectin makes a minor, if any, contri-trations. Moreover, when anti-P-selectin-treated mice were additionally injected with mAb 9A9, rolling was bution to leukocyte rolling in noninflamed ear venules and so focused our further efforts on E-and P-selectin. completely abolished (data not shown). None of the antibodies in this study induced significant changes in hematocrit or leukocyte counts during at least 45 min after E-and P-Selectin Mediate Leukocyte Rolling injection (data not shown). Thus, leukocyte rolling in in Noninflamed Skin of WT Mice noninflamed skin venules of WT mice depends on the To determine which selectins control the frequency of two endothelial selectins: the rolling frequency is largely leukocyte rolling in normal skin, we analyzed effects of determined by P-selectin; E-selectin plays a relatively neutralizing mAbs (50 g/mouse i.v.) in WT mice (Table 1) . small but statistically significant role. The nonbinding control mAb 2-4A1 and anti-ICAM-2 mAb mIC2/3c4, which we used as a second, binding control, tended to increase rolling fractions. These Rolling in Ear Venules of P-Selectin Ϫ/Ϫ Mice Is Exclusively Mediated by E-Selectin changes were statistically not significant (p Ͼ 0.05, Wilcoxon signed rank test). In contrast, anti-E-selectin mAb Although our experiments with neutralizing mAbs suggested that E-selectin alone may be sufficient to support 9A9 attenuated rolling fractions modestly (26% inhibition, Figure 1C ), but the reduction was statistically signif-some leukocyte rolling in skin venules, it remained theoretically possible that mAb 5H1 did not completely abro-icant (p ϭ 0.03 versus baseline). Thus, most cells were likely to roll via P-selectin. Indeed, anti-P-selectin mAb gate endothelial P-selectin activity in WT animals. Therefore, we also analyzed P Ϫ/Ϫ mice ( Figures 1A and 1B ). 5H1 had a pronounced effect on rolling fractions (63% inhibition, p Ͻ 0.001 versus baseline). Although an earlier
The baseline rolling fraction in P Ϫ/Ϫ ear venules was 16.3% Ϯ 13.9% (n ϭ 6/3), considerably lower than in a co-study had reported that polyclonal anti-P-selectin completely abolished rolling in ear venules (Nolte et al., hort of WT mice that was analyzed in parallel (40.7% Ϯ 17.8%). mAb 9A9 essentially abrogated rolling in P Ϫ/Ϫ 1994), we continued to detect rolling cells in most venules after P-selectin inhibition (rolling fraction: 9.7% Ϯ mice (0.14% Ϯ 0.38%, p Ͻ 0.001 versus baseline, n ϭ 7/3), suggesting that both E-and P-selectin are con-5.0%). Treatment of two mice with a larger dose of mAb 5H1 (100 g/mouse) had no further effect (rolling frac-stitutively expressed and have overlapping functions in noninflamed skin venules. Each selectin can support tion: 11.5% Ϯ 8.1%), indicating that the residual rolling interactions were not due to subsaturating mAb concen-rolling in the absence of the other ( Figure 1C ). Other Cells were assigned to velocity groups ranging from Ͼ0% of V free to Ͻ1%, 1% to Ͻ2%, and so on. Cumulative velocity curves (C and F) before and after mAb injection were generated as well. n ϭ total number of cells/ venules/mice. adhesion pathways that mediate leukocyte rolling else-E-Selectin Not P-Selectin Is Required for Slow Rolling in Ear Venules where do not appear to contribute in this setting.
The rolling fraction is a sensitive parameter to measure the frequency and efficacy of initial adhesive contacts
Constitutive Expression of E-Selectin in Murine Skin
To confirm the functional data with anti-E-selectin mAb, (tethering), but it is less indicative of the quality or strength of established rolling (Stein et al., 1999) . To we performed immunohistochemistry on serial sections of murine ears ( Figure 1D ). Whereas no specific signal determine the relative contribution by P-versus E-selectin to interactions subsequent to tethering, we com-was observed with control rat IgG, essentially all microvessels were stained by anti-ICAM-2 mAb mIC2/3c4. pared V roll in ear venules of P Ϫ/Ϫ and WT mice. The velocity histograms and cumulative velocity curves from both Since mAb 9A9 is relatively insensitive at detecting E-selectin by immunohistochemistry of fixed tissues strains were very similar ( Figure 1B) . It should be cautioned that the composition of leuko-(our unpublished data and B. Wolitzky, personal communication), we used mAb 10E9.6, a nonblocking mAb cytes that roll in P Ϫ/Ϫ mice may not be identical to the larger population of cells rolling in WT mice. However, to E-selectin (Ramos et al., 1997). mAb 10E9.6 weakly stained a subset of ICAM-2 ϩ microvessels in normal WT if one assumes this to be the case, the similar velocity profiles would suggest that V roll in ear venules is primarily ear sections. When TNF␣ was preinjected into the pinna of the ear, a marked increase in the number and apparent determined by E-selectin, not P-selectin. Thus, we measured the effect of E-selectin inhibition on V roll in WT staining intensity of E-selectin-positive vessels was found (data not shown). Sections of P Ϫ/Ϫ ears showed mice (Table 1; Figure 2 ). Median V roll increased from 14.9 m/s before to 22.6 m/s after anti-E-selectin injection, a similar staining pattern and intensity as those in WT mice (data not shown). Immunoreactivity with mAb whereas control mAb 2-4A1 had no such effect (11.3 m/s versus 14.0 m/s). Analysis of frequency histograms 10E9.6 was specific for microvessels in the skin because no staining was detected in skin-draining lymph nodes of V roll confirmed previous observations that this parameter is not normally distributed but skewed toward low rolling (data not shown).
velocities (Stein et al., 1999) . The anti-E-selectin mAb caused a significant shift in V roll histograms and the cumulative velocity curve that affected all rolling cells (p Ͻ 0.001; Figures 2A and 2C) and was not observed with mAb 2-4A1 nor with mAb mIC2/3c4 (p Ͼ 0.05 for both).
As shown in Table 1 , hemodynamic parameters in ear venules varied considerably between different venules. Random variations in blood flow were also sometimes detected in the same venule. Since changes in wall shear rate can affect rolling, we calculated V rel (i.e., V roll as percent of V free , the mean velocity of Ն 20 noninteracting cells measured in parallel in the same venule). After thus accounting for hemodynamic variability, the effect of anti-E-selectin was even more apparent ( Figure 2B ). In untreated venules, Ͼ70% of all leukocytes rolled at a velocity Ͻ4% of V free , whereas 15 min after anti-E-selectin injection, only 14% rolled below that velocity. In contrast, slow rolling was not altered by treatment with nonbinding control mAb or anti-ICAM-2 (data not shown). Although V roll was normal in P Ϫ/Ϫ mice (see above), inhibition of P-selectin in WT animals increased V roll and V rel (Figures 2D and 2E ). However, unlike anti-E-selectin, anti-P-selectin did not accelerate the entire rolling population but primarily affected cells that moved at higher velocities; the frequency of slow rolling cells (below 5 m/s) remained unchanged ( Figure 2F ). Together, these data suggest that P-selectin determines the overall frequency of rolling in the skin, whereas E-selectin is crucial for rolling at very low velocities.
FucT-IV Is Crucial for Slow Leukocyte Rolling
Having clarified the role of P-and E-selectin in leukocyte rolling in normal skin, we set out to characterize the leukocyte-expressed carbohydrate ligands that interact with these molecules. Previous work has shown that rolling is markedly reduced in the skin of FucT-VII Ϫ/Ϫ mice, but some venules support rolling, albeit at a higher velocity than in WT ears (Maly et al., 1996). We therefore tested whether carbohydrates that are fucosylated by FucT-IV can function as selectin ligands. As shown in Figure 3A and Table 1 , rolling fractions in FucT-IV Ϫ/Ϫ ears did not differ from those in WT mice (44.5% Ϯ 19.9% versus 40.7% Ϯ 17.8%). In contrast, virtually no rolling was observed in mice deficient in both FucTs, suggesting that FucT-IV alone can generate functional selectin ligands on circulating FucT-VII Ϫ/Ϫ leukocytes. Anti-P-selectin had qualitatively similar effects in V roll than in WT mice. Thus, ligands generated by both FucTs are necessary for E-selectin to exert its full physi-FucT-IV Ϫ/Ϫ and WT mice ( Table 1 ). The rolling fraction was dramatically reduced (to 4.5% Ϯ 5.2%, p Ͻ 0.001 ologic function. From these findings, we conclude that both P-and E-selectin support rolling of FucT-IV-defi-versus baseline; Figure 4A ) but not abolished, and residual rolling was abrogated by addition of anti-E-selectin cient leukocytes; the absence of FucT-IV does not diminish interactions that determine the frequency of roll-(data not shown). After anti-P-selectin, V roll of 13 out of 30 FucT-IV Ϫ/Ϫ cells (43.3%) was below 10 m/s (median:
ing, but the strength of established interactions is significantly reduced. In other words, carbohydrates on 22.7 m/s; Figure 4B ), suggesting that mainly the fast rolling cells were affected. Since anti-E-selectin acceler-leukocytes generated by FucT-VII alone confer a normal ability to form tethers in skin venules (predominantly ated slow rolling cells much more than anti-P-selectin, E-selectin determines the lowest V roll even in the absence mediated by P-selectin), but they are insufficient for maximum slowing of rolling cells (largely E-selectin de-of FucT-IV. However, the cumulative rolling velocity curve in FucT-IV Ϫ/Ϫ ears is shifted a priori toward higher pendent).
Role of P-and E-Selectin in Ear Venules
might be an important tethering receptor for skin-homing leukocyte populations that cannot interact with of FucT-VII Ϫ/Ϫ Mice P-selectin. To determine whether FucT-IV dependent carbohy-On cultured endothelial cells and in many nondermal drates interact with P-or E-selectin, we analyzed the vascular beds such as the mesentery or cremaster museffects of neutralizing mAbs in FucT-VII Ϫ/Ϫ ear venules cle, E-selectin is only detected several hours after expothat supported significant baseline rolling (Table 1) indicate that P-selectin is luminally expressed in most curred with similar V roll as in WT mice. Together, these skin venules. This is also supported by studies on the findings indicate that there is differential emphasis on accumulation of i.v. injected radiolabeled mAbs in mu-P-versus E-selectin as determinants of rolling fraction rine skin (Hickey et al., 1999) . In these experiments, and V roll , respectively, but their function in the skin is constitutive P-selectin expression was apparent in the partially overlapping. P-selectin contributes to V roll , esabsence of inflammation. The same study also reported pecially at intermediate to high velocities, but some leua 10-fold increase of anti-E-selectin accumulation in inkocytes can tether and roll on E-selectin without requirflamed skin compared to baseline accumulation, which ing P-selectin. was very low, suggesting that E-selectin expression is Although our findings clearly establish a role for normally sparse. et al., 1998) . In the present experiments, neutate constitutive leukocyte recruitment to the skin. As tralization of E-selectin in WT mice had a subtle but V roll decreases, the time that is spent by a rolling cell in statistically significant effect on rolling fractions that a venule increases proportionally. This may allow certain might be easily missed. Furthermore, our experiments cells to detect and respond to low levels of chemoattracin P Ϫ/Ϫ mice demonstrate that P-selectin-independent tants in skin venules. Indeed, a recent study has shown rolling does indeed occur in normal skin and that this that the transit time of rolling leukocytes in inflamed cremaster muscle venules is inversely correlated with interaction is E-selectin mediated. Thus, E-selectin Table 2 
E-selectin, P-selectin is required for most cells to roll in P-and E-selectin appear to fulfill distinct functions WT ear venules. This is consistent with previous intraviduring rolling; anti-P-selectin markedly reduced rolling tal microscopy studies in murine skin

. Effects of Selectin Inhibition and FucT Deficiency on Rolling Fractions and Rolling Velocities in Murine Ear Venules
Mouse Strain
Anti-E-Selectin Anti-P-Selectin Rolling Fraction a V roll Slow Rolling c , 1996) . Similarly, double knockout mice but not their singly deficient body, constitutive expression of endothelial selectins may reflect a skin-specific stage of increased alertness counterparts suffer from spontaneous skin infections (Frenette et al., 1996; Bullard et al., 1996) . This pheno-to permit rapid and efficient leukocyte recruitment to sites of injury. type supports the idea that P-and E-selectin are critical for efficient immune surveillance of the skin, but either In addition, it seems likely that the skin supports constitutive homing of leukocytes. Several bone marrow-selectin alone is sufficient to defend dermal integrity and barrier function, at least under SPF/VAF vivarium derived subsets can be found in normal skin, including dendritic cells (DC), Langerhans cells, mast cells, ␥␦ T conditions. Rolling mediated by either selectin requires ␣1,3-fucocells, and some memory T cells (Steinman et al., 1995;  Alaibac et al., 1997; Robert and Kupper, 1999) . These sylated ligands on leukocytes that must be generated by FucT-IV and FucT-VII (Lowe, 1997). In the absence resident populations are probably maintained by a constant influx of precursors and/or differentiated cells from of both enzymes, rolling in ear venules is completely abolished. Collectively, the data in this study (summa-the blood. Constitutively expressed selectins in the skin may serve as vascular addressins during physiologic rized in Table 2) show that most ligands for E-and P-selectin depend on FucT-VII, but occasional rolling is homing to that organ. Indeed, E-selectin is known to play a key role in inflammatory skin disease (Springer, still present in FucT-VII Ϫ/Ϫ mice but not in FucT-IVϩVII Ϫ/Ϫ animals, indicating that FucT-IV generates selectin 1994; Butcher and Picker, 1996), and there is ample evidence for the ability of skin-homing cells to interact ligands that support in vivo rolling of some leukocytes. However, for most leukocytes FucT-VII-dependent car-with endothelial selectins. For example, bone marrowderived mast cells roll via P-selectin in murine skin (Srira-bohydrates determine the rolling fraction (i.e., tethering efficiency), whereas FucT-IV has minor, if any, influence marao et al., 1996a) and human as well as murine DC express ␣1,3-fucosylated PSGL-1, which allows these on this parameter. In contrast, products of both FucT-IV and FucT-VII are important during established rolling cells to roll on P-and E-selectin in vitro and in vivo The estimated relative importance of individual selectin-carbohydrate interactions is indicated by the thickness of arrows. Leukocyte surface glycoconjugates generated by FucT-IV and -VII are shown as separate molecules for clarity. In reality, some glycoproteins such as PSGL-1 may be simultaneously decorated with carbohydrates modified by either enzyme. The contribution of individual adhesion pathways to the magnitude of rolling fractions in postcapillary venules is largely equivalent to the tethering efficiency, i.e., their ability to initiate rolling. Deficiency in P-selectin or FucT-VII had the greatest impact on rolling fractions, whereas E-selectin played a minor role, and absence of FucT-IV did not affect rolling fractions. In FucT-VII Ϫ/Ϫ mice, only P-selectin can support rare tethering events in a subset of venules, presumably via interactions with FucT-IV-dependent ligands. Once a leukocyte has become tethered, E-selectin is the major determinant of the velocity at which the cell moves. V roll was significantly increased in venules of FucT-IV-and FucT-VII-deficient mice, and inhibition of E-selectin in either strain increased V roll even further. Thus, E-selectin ligands generated by both enzymes are important here. While P-selectin had a modest impact on V roll in animals that expressed both FucTs (i.e., WT and P-selectin Ϫ/Ϫ ), P-selectin inhibition in FucT-IV Ϫ/Ϫ mice increased V roll somewhat. Thus, P-selectin interaction with FucT-VII-dependent ligands can contribute to V roll . since deficiency in either FucT significantly accelerates the limits of sensitivity of this nonquantitative method (data not shown). Moreover, our results in mutant strains V roll . Thus, P-selectin interactions with ligands generated predominantly by FucT-VII control the magnitude of roll-were consistent in quality and quantity with those in mAb-treated WT mice. Overall, the consistency and re-ing fractions, whereas E-selectin determines V roll by interacting with carbohydrates modified by FucT-VII as producibility of our data in different settings were not suggestive of any dramatic change in the regulation of well as FucT-IV. 
Experimental Procedures
Thus, leukocyte sticking was not included as a parameter. Antibodies mAb 9A9 (rat IgG2b) and mAb 5H1 (rat IgG1), which neutralize mouse Immunohistochemistry E-selectin and P-selectin, respectively, and the nonbinding control A standard protocol for immunohistochemistry was followed. In mAb 2-4A1 (rat IgG2b) were kindly provided by Dr. Barry Wolitzky brief, paraformaldehyde (2% in PBS, pH 7.5) fixed tissue samples (Hoffman LaRoche, Nutley, NJ). mAb mIC2/3c4 against mouse were incubated over night at 4ЊC with supernatants of mAbs to ICAM-2 (rat IgG2a) was a gift from Dr. Timothy Springer (CBR, Bos-E-selectin (10E9.6) or ICAM-2 (mIC2/3c4). Control sections were ton, MA). For use in intravital microscopy experiments, these mAbs treated with PBS containing 10 g/ml rat IgG or 1% normal rat were HPLC purified from sterile culture supernatants and stored at serum. Subsequently, slides were incubated with biotinylated rab-Ϫ70ЊC in endotoxin-free phosphate-buffered saline (PBS). Immunobit-anti-rat Ig followed by streptavidin-coupled horseradish peroxihistochemistry was performed using culture supernatants of mAb dase. Specific mAb binding was detected with diaminobenzidine mIC2/3c4, anti-E-selectin mAb 10E9.6 (kindly provided by Dr.
(DAB; Vector Laboratories) followed by counterstaining with hema-Dietmar Vestweber, Mü nster, Germany), and rat IgG (Southern Biotoxylin. technology, Birmingham, AL). 
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